The local cohomology of an extended BRST differential which includes global N=1 supersymmetry and Poincaré transformations is completely and explicitly computed in four-dimensional supersymmetric gauge theories with super-Yang-Mills multiplets, chiral matter multiplets and linear multiplets containing 2-form gauge potentials. In particular we determine to first order all N=1 supersymmetric and Poincaré invariant consistent deformations of these theories that preserve the N=1 supersymmetry algebra on-shell modulo gauge transformations, and all Poincaré invariant candidate gauge and supersymmetry anomalies. When the Yang-Mills gauge group is semisimple and no linear multiplets are present, we find that all such deformations can be constructed from standard superspace integrals and preserve the supersymmetry transformations in a formulation with auxiliary fields, and the candidate anomalies are exhausted by supersymmetric generalizations of the well-known chiral anomalies. In the general case there are additional deformations and candidate anomalies which are relevant especially to the deformation of free theories and the general classification of interaction terms in supersymmetric field theories.
INTRODUCTION
This work closes a gap in the analysis of four-dimensional globally supersymmetric gauge theories by deriving completely the local cohomology of an extended BRST differential which includes N=1 supersymmetry and the Poincaré symmetries in addition to the standard ingredients related to the gauge symmetries and the field equations. We analyse theories with super-Yang-Mills multiplets for all compact gauge groups, chiral matter multiplets in linear representation of these groups, and linear multiplets containing 2-form gauge potentials. In particular this includes super-Yang-Mills theories with arbitrarily many Abelian gauge fields, and free supersymmetric theories with any number of vector gauge fields and 2-form gauge potentials. The extended BRST differential involves thus constant ghosts for N=1 supersymmetry and the Poincaré symmetries, ghost fields for the gauge symmetries, ghost-for-ghost fields for the reducible gauge symmetries of the 2-form gauge potentials, and antifields for the field equations, Noether identities and reducibility relations between the Noether operators.
Until now the cohomology under study was only examined for super-Yang-Mills theories (with chiral matter multiplets but without linear multiplets) in the restricted space of functionals with integrands of mass dimension four or smaller than four 1 and ghost numbers zero or one [1, 2] . The restrictions on the space of functionals were motivated by applications in the context of renormalization of power counting renormalizable theories. These applications are no longer the only arena of interest for BRST cohomological investigations: local BRST cohomology is now applied also in nonrenormalizable and effective field theories [3, 4] , in the analysis of local conservation laws (characteristic cohomology) [5] , and in particular in the study of consistent deformations of classical field theories [6] 2 . Our analysis covers these applications because we shall compute the cohomology in the space of all local functionals, without restrictions on the dimension or ghost number.
The paper has been organized as follows. In section 2 we specify the theories under study and the extended BRST differential. In section 3 we define the cohomological problem and relate it to other useful cohomological groups. In section 4 we introduce suitable variables to compute the cohomology efficiently. In section 5 we discuss the extended BRST transformations of these variables and derive a related graded commutator algebra which is of crucial importance for the cohomology. The cohomology and the main steps of the computation are presented in section 6, the results most important for algebraic renormalization, anomalies and consistent deformations in section 7. In section 8 we comment on the cohomology in negative ghost numbers. In section 9 we show that our results do not depend on the formulation of supersymmetry used here, and in section 10 we discuss to which extend they depend on the Lagrangian. The main text ends with a brief conclusion in section 11 and is supplemented by two appendices, the first of which contains conventions and notation (in particular a list of frequently used functions and operators can be found here), while the second outlines proofs of lemmas given in the main text.
FIELD CONTENT, LAGRANGIAN, EXTENDED BRST TRANSFORMATIONS
We denote the super Yang-Mills multiplets by A . The index i of the super Yang-Mills multiplets refers to a basis of a reductive (= semisimple plus Abelian) Lie algebra g YM whose semisimple part (if any) is compact (g YM is otherwise arbitrary; its semisimple or Abelian part may vanish). We shall assume that this basis of g YM has been chosen such that the Cartan-Killing metric on the semisimple part of g YM is proportional to the unit matrix. The index s of the chiral multiplets refers to a representation of g YM (which may be trivial, see below). The index a of the linear multiplets is not related to g YM . The Yang-Mills ghost fields are denoted by C i , the ghost fields of the B We shall compute the cohomology explicitly for the following simple Lagrangians (the results for more general Lagrangians are discussed in section 10):
where the field strengths F i µν and H µ and the covariant derivatives ∇ µ are:
3)
The extended BRST transformations of the fields and constant ghosts are: The transformations of the complex conjugate fields are obtained from those given above according to
The extended BRST transformations of the antifields are obtained according to: (2.16) and (2.18) which are bilinear in the supersymmetry ghosts reflect that the commutators of supersymmetry transformations contain gauge transformations and spacetime translations. In addition these commutators contain terms which vanish only on-shell. This is reflected by the antifield dependent terms in the extended BRST transformations (2.9) and (2.14). Schematically one has [susy transformation, susy transformation] ≈ translation + gauge transformation where ≈ is equality on-shell, defined according to
[Here X, Y and Z µ1...µ k A may depend on the fields and their derivatives; Z µ1...µ k A ∂ µ1 . . . ∂ µ k∂ R L/∂Φ A vanishes onshell, i.e., for all solutions of the fields equations, because L does not depend on ghosts]. The Poincaré, supersymmetry and gauge transformations form thus an "open algebra" according to standard terminology. By introducing additional fields one may "close" and simplify the algebra, but this is irrelevant to the cohomology, see section 9.
COHOMOLOGICAL PROBLEM AND DESCENT EQUATIONS
The primary goal is the determination of the local cohomological groups H g,4 (s ext |d), i.e., the cohomology of s ext modulo the exterior derivative d = dx µ ∂ µ in the space of local 4-forms with ghost numbers g. Unless differently specified, the term "local p-forms" is in this paper reserved for exterior p-forms dx µ1 . . . dx µp ω µ1...µp (the differentials are treated as Grassmann odd quantities) where ω µ1...µp can depend on the fields, antifields, their derivatives, constant ghosts and explicitly on the spacetime coordinates such that the overall number of derivatives of fields and antifields is finite, without further restriction on this number or on the order of derivatives that may occur 5 . The precise mathematical setting of the cohomological problem is made in the jet spaces associated to the fields and antifields, see [7] (the constant ghosts are just added as local coordinates of these jet spaces). [7] for a general discussion). In the present case these relations are very direct. To describe them precisely, we define the space F of local functions (0-forms) that depend on the c µ and x µ only via the combinationsĉ µ = c µ − x ν c ν µ , and the space E of polynomials in the constant ghosts, . This role ofĉ µ is also similar to the role of the diffeomorphism ghosts in gravitational theories, see [8, 9] . c) As a side remark, which is related to the previous comment, [9] (the role of the space A in [9] is now taken by F, the role of the diffeomorphism ghosts by theĉ µ ). Note that for p = 4 the statement on H * ,p (s ext |d) is in agreement with lemma 3.1 because 4-forms ω(dx, x) are d-exact in R 4 . d) A gauge fixing need not be specified because it does not affect the cohomology (see, e.g., sections 2.6 and 2.7 of [7] ).
CHANGE OF VARIABLES
To compute H(s ext , F) we shall follow a strategy [10, 11] based on new jet coordinates u , v and w I which satisfy
The important requirement here is that r I (w) is a function of the w's only. To construct such jet coordinates we use operations ∂ 
Using these operations and the notation
we define the following jet variables u , v , w (4.1) will allow us to compute the cohomology solely in terms of the w's (see section 6 b). We introduce the following notation for them:
with an obvious correspondence to the variables in (4.5) [
TheT 's may be called generalized tensor fields because their antifield independent parts are ordinary gauge covariant tensor fields. In addition they contain terms which depend on antifields such that s ext w I contains no terms that vanish on-shell. The∇ µ can be viewed as generalizations of the ordinary covariant derivatives ∇ µ and are related to the latter as follows: the antifield independent part of∇ µ f (T ) coincides on-shell with ∇ µ acting on the antifield independent part of f (T ):
The explicit form of theT 's in terms of the original variables (fields, antifields, their derivatives and the constant ghosts) is somewhat involved. Fortunately we need not compute them explicitly to perform the cohomological analysis because their existence is guaranteed by lemma 4.2, and their extended BRST transformations can be directly obtained from the transformations of the w (0) 's as we shall see in the following section. Nevertheless, for later purpose and to illustrate the structure of the new variables, we list a few w's explicitly:
are the Lorentz irreducible parts of generalized Yang-Mills field strengths given bŷ
GAUGE COVARIANT ALGEBRA
By construction the extended BRST transformations of the w's can be expressed solely in terms of the w's again, see eq. (4.1). As explained in [10] , this is related to a graded commutator algebra which is realized on theT 's. The cohomology of s ext can be interpreted as the cohomology associated with this algebra (similiar to Lie algebra cohomology -in fact one may view it as a generalization of Lie algebra cohomology, see remark at the end of this section). We shall now discuss the extended BRST transformations of the w's and the corresponding algebra because these will be of crucial importance for the solution of the cohomological problem under study.
The extended BRST transformations of the w's can be directly obtained from the extended BRST transformations of the w (0) 's: This lemma is very useful because it allows one to derive the extended BRST transformations of the w's without having to compute these variables and their extended BRST transformations explicitly (as remarked and demonstrated in section 4, the explicit structure of the w's is quite involved). The proof of the lemma was given in [11] and will not be repeated here. It is a consequence of the algorithm used to construct the w's (see lemma 4.2). For later purpose and to illustrate the lemma let us apply it to derive s extĈ i . We start from s ext C i given by (2.15) and use that (2.8)
. Applying now lemma 5.1 we conclude
When one verifies this result directly using (4.8) and the extended BRST transformations given in section 2, one finds that (5.1) actually contains no antifield dependent terms, i.e., all antifield dependent terms (coming fromλ i ,λ i and F i µν ) cancel out exactly on the right hand side of (5.1).
Analogously one can derive s extR starting from s ext R given by eq. (2.17) and using that (2.16) 
Using also (2.4) 
Again, the antifield dependent terms on the right hand side cancel out exactly.
To derive the graded commutator algebra we proceed as in [10] and use that {w I } decomposes into subsets of variables with ghost numbers 2, 1 and 0, respectively. Those with ghost number 2 are theR a , those with ghost number 0 are theT τ and those with ghost number 1 are theĈ i ,ĉ µ , c µν , ξ α ,ξα which we denote collectively by C M now,
Since s extT τ has ghost number 1 and since there are no w's with negative ghost numbers, we conclude from eq. (4.1) that s extT τ is a linear combination of the C's with coefficients that are functions of theT 's:
Moreover, since theT τ are independent variables, we can define operators ∆ M on the space of functions of theT 's through
Using these operators, we can express the extended BRST transformation of any function of theT 's according to
By construction the ∆ M are graded derivations acting on the space of functions of theT 's. For these graded derivations we introduce the following notation:
so that
The δ i and l µν are linearly realized on the generalized tensor fields and represent the Lie algebras of the Yang-Mills gauge group and the Lorentz group as indicated by the indices of theT 's, for instance:
In contrast,∇ µ , D α andDα are nonlinearly realized, see comment b) below.
Lemma 5.2 The graded commutator algebra of the graded derivations (5.7) reads
Comments: a) Notice that (5. 
The δ-transformations of the fields, constant ghosts and antifields are:
Notice that the constant ghosts are inert to both δ and d. Therefore the cohomological groups H(δ|d) are the same as in the case of the non-extended BRST cohomology except that the representatives can depend arbitrarily on the constant ghosts. 
Using lemma 6.1, it is straightforward to prove the following result: 
Comment: In n-dimensional theories, the representatives of H n n−p (δ|d) are related through descent equations for δ and d to conserved local p-forms (i.e., p-forms which do not depend on antifields and satisfy dω p ≈ 0) representing the so-called characteristic cohomology of the field equations [5] . Therefore one can conclude from lemmas 6. 
where we introduced
µĉνF i µν (6.14) of theĉ µ , ξ α ,ξα andT τ , and linearly independent polynomials in theR a (notice that theR a are inert to s lie ). The θ's correspond one-to-one to the independent Casimir operators of g. The index r of the θ's runs thus from 1 to rank(g) = rank(g YM ) + 2. The θ's of g YM can be constructed by means of suitable matrix representations {T
indicates that the respective representation may depend on the value of r): 
We denote the space of g-invariant local functions of theĉ µ , ξ α ,ξα andT τ by T inv ,
H(s lie , W) can now be described as follows:
where {P Γ (θ,R)} is a basis of the monomials in the θ r andR a . As mentioned above, this expresses the Lie algebra cohomology of g, with representation space given by the local functions of theĉ µ , ξ α ,ξα andT τ . It is a well-known result, see, e.g., section 8 of [7] , and implies directly the following:
Lemma 6.5 The piece with highest N -degree of a representative f of H(s ext , W) can be assumed to be of the form
where
e. Supersymmetry algebra cohomology (6.27) shows that the functions f Γm are representatives of the cohomology of s susy in the space T inv . We denote this cohomology by H(s susy , T inv ). It is indeed well-defined because s susy squares to zero on all functions in T inv : according to (6.16) one has s 2 susy f = −{s lie , s curv }f which vanishes for f ∈ T inv because one has s lie f = 0 and s curv f = 0 for f ∈ T inv by definition of T inv . In particular one has
and thus
The following lemma describes this cohomology and is a key result of the computation. 
Comments: a) In section 6 a we found that the cohomology groups
and H 2 (s ext , F) are isomorphic to the characteristic cohomology in form-degrees 0, 1 and 2, respectively (see comments at the end of that section). A similar result holds for H 0 (s susy , T inv ), H 1 (s susy , T inv ) and H 2 (s susy , T inv ): they are isomorphic to the gauge invariant characteristic cohomology (characteristic cohomology in the space of gauge invariant local forms) in form-degrees 0, 1 and 2, respectively. Indeed one can show as in [14, 15] that the latter is in form-degrees 0, 1 and 2 represented by:
Notice that the lemma characterizes the cohomology in ghost number 3 through functions R(T ) ∈ T inv which satisfy D 2 R(T ) =D 2 R(T ) = 0 and are determined up to contributions of the form
[such contributions can be dropped because of part (ii) of the lemma]. I have not determined the general solution to these conditions (which appears to be a rather involved problem) but would like to add the following comments concerning this result.
The simplest nontrivial functions R(T ) are complex numbers, i.e., R(T ) = k ∈ C with k = 0. They yield field independent representatives with ghost number 3 given by
All other representatives OR(T ) contain gauge invariant conserved currents j µ given by the antifield independent parts of (1/2)σ
That these currents are indeed conserved can be directly verified by means of the algebra (5.9) which implies, for all δ i -invariant functions f (T ):
Owing to (4.7) and the gauge invariance of j µ (which follows from R(T ) ∈ T inv ), this implies that j µ is indeed conserved:
One can show that this 3-form is trivial in the gauge invariant characteristic cohomology iff OR(T ) is in H(s susy , T inv ) equivalent to a function (6.35). 9 Hence, except for the field independent representatives (6.35), nontrivial functions OR(T ) correspond to representatives of the gauge invariant characteristic cohomology in formdegree 3. However, this correspondence is not one-to-one as it is not surjective: there are representatives of the gauge invariant characteristic cohomology in form-degree 3 which do not have a counterpart in H 3 (s susy , T inv ). In particular the Noether currents of supersymmetry and Poincaré symmetry (and also those of other conformal symmetries) do not correspond to representatives of H 3 (s susy , T inv ) as one can already deduce from the fact that these Noether currents are not contravariant Lorentz-vector fields (note that j µ in (6.36) is a contravariant Lorentz-vector field since R(T ) is Lorentz-invariant owing to R(T ) ∈ T inv ).
The "generic" representatives of the gauge invariant characteristic cohomology in form-degree 3 involve gauge invariant Noether currents, i.e., they correspond to nontrivial global symmetries of the Lagrangian by Noethers first theorem [16] . In addition there are representatives which are trivial in the characteristic cohomology but nevertheless nontrivial in the gauge invariant characteristic cohomology [accordingly the corresponding functions
These are exhausted by the 3-forms dB a and (dA iA )( dB a ), as can be shown as analogous results in [15, 7] , and do have counterparts in
correspond to functions R(T ) given by φ a and the imaginary part ofλ iAψa + (1/2)φ a Dλ iA , respectively:
Examples of representatives containing nontrivial Noether currents arise from functions R(T ) that are linear combinations of the real parts ofλ i fψ a :
This contains indeed the Noether currents
Using part (ii) of lemma 6.6, the algebra (5.9), and Eq. (4.7), it is straightforward to verify that
The proof of the reversed implication is more involved. Let me just note that one can prove it using the descent equations, by showing that the triviality of ω 3 in the gauge invariant characteristic cohomology implies that the cocycle of (sext + d) which arises from OR(T ) (see section 3) is trivial, up to a function (6.35) , in the cohomology of (sext + d) on gauge invariant functions that do not depend on the ghost fields (treating the antifields as gauge covariant quantities). c) Almost all representatives of H(s susy , T inv ) depend on antifields because the generalized tensor fieldsT τ involve antifields, see section 4. Exceptions are the field independent representatives (these are the constants k for g = 0, the representatives (6.35) for g = 3, and the representatives PΩ 1 +PΩ 2 with Ω i = k i ∈ C for g = 4), and the representatives k a H a , see (6.39) (H a does not depend on antifields). In addition there are a few representatives PΩ 1 +PΩ 2 from which the antifield dependence can be removed by subtracting trivial terms, see equation (B.70). The antifield dependence of all other representatives cannot be removed as a consequence of the fact that the commutator algebra of supersymmetry and gauge transformations closes only on-shell. However, this changes when one uses the formulation with the standard auxiliary fields in which the commutator algebra closes off-shell (cf. section 9). In that formulation, every representative PΩ 1 +PΩ 2 can be brought in a form that does not depend on antifields. The reason is that, when one uses the auxiliary fields, the algebra (5.9) has an off-shell counterpart which is realized on standard gauge covariant tensor fields (rather than on the generalized tensor fieldsT τ ) and arises from (5.9) by substituting ∇ µ , λ i α ,λ iα and F i µν for their hatted counterparts. In the formulation with auxiliary fields, H 4 (s susy , T inv ) can thus be represented by functions
where D α andDα are now realized on the ordinary tensor fields T τ . The antifield dependence of other representatives of H(s susy , T inv ) (with g < 4) can not be removed by the use of auxiliary fields because of their relation to the characteristic cohomology of the field equations which is not affected by the use of auxiliary fields.
d) The results for g ≥ 3 in lemma 6.6 follow from the "QDS-structure" of the supersymmetry multiplets formed by theT τ , see proof of the lemma. These results are thus not restricted to the theories studied here but apply analogously to models with more general Lagrangian, or even with different field content, as long as the models have QDS-structure.
f. Completion and result of the computation
So far we have determined the part with highest N -degree of the possible representatives of H(s ext , F) by analysing equations (6.17) and (6.18) which involve only s lie and s susy . We have found that this part can be assumed to be of the form f Γ P Γ (θ,R) where the f Γ are representatives of H(s susy , T inv ) given by lemma 6.6. To complete the computation of H(s ext , F) we have to examine which functions f Γ P Γ (θ,R) can be completed to (inequivalent) solutions of the remaining equations (6.19) through (6.20) involving s curv in addition to s lie and s susy . For this purpose the following result is helpful: Furthermore it is extremely useful to complete the θ r of the semisimple part of the Yang-Mills group to corresponding "super-Chern-Simons functions"q r given by:
Lemma 6.7 ( [17]) (i) There is no nonvanishing s ext -closed function with degree 4 in theĉ
3 ) if m(r) = 2 and r ≤ rank(g YM ), (6.45) withĈ and {T
(r)
i } as in (6.21), and 
Using lemmas 6.6, 6.7 and 6.8 and results on the standard (non-extended) BRST-cohomology one derives the following lemma containing the result of the cohomological analysis: Lemma 6. 9 The representatives of H(s ext , F) can be grouped into seven types:
µ } tr r (λσ µλ ) + c.c., 
CONSISTENT DEFORMATIONS, COUNTERTERMS AND ANOMALIES
We shall now discuss the results for the cohomological groups H 0,4 (s ext |d) and H 1,4 (s ext |d) because of their relevance to algebraic renormalization and consistent deformations. In algebraic renormalization, H 0,4 (s ext |d) yields the possible counterterms that are Poincaré invariant, gauge invariant and N=1 supersymmetric on-shell, and H 1,4 (s ext |d) provides the Poincaré invariant candidate gauge and supersymmetry anomalies to lowest nontrivial order, cf. [18, 4, 7] .
The other applications concern the Poincaré invariant and N=1 supersymmetric consistent deformations of the classical theories. In this context a deformation is called consistent if it is a continuous deformation 12 of the Lagrangian and its gauge symmetries such that the deformed Lagrangian is invariant under the deformed gauge transformations up to a total divergence. A deformation is considered trivial when it can be removed through field redefinitions. Such deformations of n-dimensional gauge theories are completely controlled by H 0,n (s|d) and H 1,n (s|d) where n is the spacetime dimension and s is the standard (non-extended) BRST differential [6, 19] . In particular, H 0,n (s|d) provides the nontrivial deformations to first order in the deformation parameters, while H 1,n (s|d) yields all possible restrictions or obstructions to the extendability of the deformations to second and all higher orders. Analogously the cohomology groups H 0,n (s ext |d) and H 1,n (s ext |d) of an extended BRST differential for gauge and global symmetries control those consistent deformations that are invariant under the global symmetry transformations contained in s ext , where these transformations may get nontrivially deformed but their commutator algebra does not change on-shell modulo gauge transformations. The latter statement on the algebra of the global symmetries holds because this algebra is encoded in the extended BRST-transformations of the constant ghosts. Representatives of H 0,n (s ext |d) do not contain terms that would modify the extended BRST-transformations of the constant ghosts because they do not involve "global antifields" conjugate to the constant ghosts 13 . Hence, H 0,n (s ext |d) yields only deformations that preserve the algebra of the global symmetries contained in s ext (in contrast, the algebra of the gauge transformations may get nontrivially deformed). The consistent deformations which arise from our results on H 0,4 (s ext |d) are thus precisely those which are Poincaré invariant and N=1 supersymmetric, where the supersymmetry transformations may get nontrivially deformed but their algebra is still the standard N=1 supersymmetry algebra (on-shell, modulo gauge transformations). In view of the results derived in [21] it is unlikely that there are more general physically reasonable deformations (which change nontrivially the N=1 supersymmetry algebra) but this question is beyond the scope of this work.
We shall now spell out explicitly the antifield independent parts of the representatives of H 0,4 (s ext |d). These give the first order deformations of the Lagrangian, and the possible counterterms to the Lagrangian that are invariant, at least on-shell, under the gauge, Lorentz and supersymmetry transformations up to total divergences (the parts with antifield numbers 1 and 2 of the representatives of H 0,4 (s ext |d) yield the corresponding first order deformations of, and counterterms to, the symmetry transformations and their commutator algebra, respectively). As explained in section 3, the representatives of H 0,4 (s ext |d) are obtained from those of H 4 (s ext , F) by substituting c µ + dx µ for c µ and then picking the 4-form of the resultant expression. The representatives of H 4 (s ext , F) are obtained from lemma 6.9 by selecting from among the functions f (i) those with ghost number 4. 14 Up to trivial terms, the antifield independent part of the general representative of H 0,4 (s ext |d) is:
i } is not antihermitian, then +c.c. denotes the addition of terms that were the complex conjugation if {T
). 12 A deformation is called continuous if it is a formal power series in deformation parameters. 13 See [13] for the concept of such antifields, and [20] for a discussion of deformations of the global symmetry algebra in the framework of the extended antifield formalism.
14 There are no functions f (1) or f (3) with ghost number 4. The functions f (2) with ghost number 4 arise from polynomials P (4) , f (5) , f (6) , and f (7) with ghost number 4 arise from
[ab] = ik [ab] cR c , PΓ = −iĈ i A , and PΓ = 1 respectively, where we introduced cosmetic factors 1/6 and ±i.
where the k's are complex numbers, R iA (T ), A i (ϕ,λ) and B i (T ) are functions as in lemma 6.6,
is the commutator of D α andDα, and A µ , λ,λ are matrices constructed from the gauge fields and gauginos:
Analogously one obtains the representatives of H 1,4 (s ext |d) from the functions f (i) with ghost number 5 given in lemma 6.9. The antifield independent parts of these representatives are (the superscripts indicate from which f (i) they derive):
with
are gauge invariant and Lorentz invariant functions, c.c. is used as in lemma 6.9, and
i , (7.16)
We leave it to the reader to work out the antifield dependent terms of the representatives of H 0,4 (s ext |d) and H 1,4 (s ext |d) and add the following comments:
L CM contains "Chapline-Manton" couplings between the 2-form gauge potentials and non-Abelian Chern-Simons 3-forms of the type frequently encountered in supergravity models, see, e.g., [22] [23] [24] [25] . b) (1) L SYM contains the cubic interaction vertices of standard super-Yang-Mills theories. In particular it gives rise to deformations of free supersymmetric gauge theories to standard non-Abelian super-Yang-Mills theories, with the coefficients k [i f j f k f ] becoming the structure constants of the non-Abelian gauge group (the Jacobi identity for the structure constants arises at second order of the deformation, cf. [26] ; see also comment h) below). ρσ of "Freedman-Townsend models" [28, 29] . In particular it yields deformations of gauge theories for free linear multiplets to supersymmetric Freedman-Townsend models as derived in [30] [31] [32] . e) One may distinguish four different types of functions (1) L Noe,CM ,CS,FI , depending on the functions R iA (T ) they involve. The simplest choice is R iA (T ) = k iA ∈ C. It yields Fayet-Iliopoulos terms [33] : (6.39) and the text before that equation. These R iA 's yield Chern-Simons type couplings between Abelian gauge fields and the 2-form gauge potentials, and Chapline-Manton couplings of the 2-form gauge potentials to Abelian Chern-Simons 3-forms:
An example for a deformation involving a nontrivial Noether current arises from R iA (T ) =
Supersymmetric models with these interaction vertices were constructed in [32] .
f) The invariants (7.6) have been termed "generic" because there are infinitely many of them, with arbitrarily high mass dimensions. For instance, an invariant with mass dimension 8 arises from a contribution tr r (λλλλ) to B 1 ,
In the formulation with the standard auxiliary fields (see section 9), all invariants (7.6) can be written as off-shell invariants, cf. comment c) in section 6 e. Hence, in that formulation deformations (7.6) preserve the form of the supersymmetry and gauge transformations. Notice also that they can be written as standard superspace integrals in a superfield formulation (D 2 andD 2 then turn into superspace integrals d 2 θ and d 2θ ).
g) (7. |d) , whether or not one uses auxiliary fields (alternative forms and discussions of supersymmetric non-Abelian chiral anomalies can be found in [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] 2, [53] [54] [55] ). I note that (7.8) has a direct generalization in supergravity [17, 12] . h) (7.9), (7.10) and (7.11) are present only when the Yang-Mills gauge group contains Abelian gauge symmetries under which all matter fields are uncharged. They are unlikely to represent anomalies of quantum theories but give important restrictions to consistent deformations at higher orders in the deformation parameters. In particular (7.9) enforces at second order that the coefficients
2) satisfy the Jacobi identity for structure constants of a Lie algebra, cf. [26] .
i) (7.12) may be viewed as an analogue with ghost number 1 of non-Abelian Chapline-Manton type couplings (7.1). j) (7.13) is the analogue with ghost number 1 of the couplings (7.5). Owing to the antisymmetry of R [iAjA] (T ) these representatives exist only if the Yang-Mills gauge group contains at least two Abelian factors. As in the case of the couplings (7.5) one may distinguish between different types of representatives (7.13), depending on the choice of R [iAjA] (T ). The simplest choice is R [iAjA] (T ) = k [iAjA] ∈ C and gives the analogue with ghost number 1 of the Fayet-Iliopoulos terms (7.18):
All other choices yield representatives containing conserved currents given by (6.39), (6.40) or Noether currents such as in (6.41). The representatives arising from (6.39) do not contain antifields and are somewhat reminiscent of chiral anomalies because they read
The representatives arising from (6.40) may be viewed as an analogue with ghost number 1 of Abelian ChaplineManton type couplings (7.20) . They read:
The representatives containing the currents (6.41) read
Similarly there are several types of representatives (7.14). The simplest arise from R a (T ) = k a ∈ C and read
The other representatives (7.14) involve conserved currents and are of the form
Again, one may distinguish between representatives containing the currents (6.39), (6.40), or Noether currents such as in (6.41) . Those with the currents (6.39) are not accompanied by antifields and explicitly given by (one can assume k ab = k [ab] because the part with k (ab) is trivial):
l) The representatives (7.15) are the counterparts with ghost number 1 of the invariants (7.6). The simplest nontrivial representatives (7.15) 
Significant representatives (7.15) are in particular the supersymmetric generalizations of Abelian chiral anomalies.
This yields supersymmetrized Abelian chiral anomalies in a form as in Eq. (5.14) of [1] . By adding a coboundary of H 1,4 (s ext |d) to these anomalies, they can be brought to a form analogous to (7.8) as can be inferred from (B.70). m) Notice: when the Yang-Mills gauge group is semisimple and no linear multiplets are present, (7.6) and (7.8) exhaust the nontrivial representatives of H 0,4 (s ext |d) and H 1,4 (s ext |d), respectively. Indeed, all other representatives require that the Yang-Mills gauge group contains Abelian factors or that linear multiplets are present. Recall that the representatives (7.6) can be written as off-shell invariants when one uses the auxiliary fields, see item f). Hence, these off-shell invariants provide all Lorentz-invariant and N=1 supersymmetric deformations of standard super-Yang-Mills theories with semisimple gauge group (to all orders!).
REMARKS ON THE COHOMOLOGY IN NEGATIVE GHOST NUMBERS
In [5] it was shown that the standard (non-extended) BRST cohomological groups H p−n,n (s|d) in n-dimensional theories for negative ghost numbers are isomorphic to the characteristic cohomology in form-degree p (0 < p < n) whose representatives are conserved local p-forms (dω p ≈ 0). which has three types of representatives as one infers from lemma 6.9: f (3) with P
[ab] = k [ab] ∈ C which correspond to the global symmetries of the action under rotations acting on the indices a of the linear multiplets, f (4) with |d) correspond to nontrivial conserved currents that are N=1 supersymmetric and Poincaré invariant up to trivially conserved currents, and to the corresponding global symmetries which commute on-shell with the N=1 supersymmetry transformations and the Poincaré transformations up to gauge transformations. However, the correspondence is not one-to-one because there are conserved currents and global symmetries of this type which have no counterpart in H −1,4 (s ext |d). Indeed, consider the currents j µa = ∂ µ φ a . They are the Noether currents of the global symmetries under constant shifts of the φ a . These shift symmetries are evidently nontrivial. Furthermore they commute with all N=1 supersymmetry and Poincaré 16 Applying the arguments in the proof of lemma 6.2 to the case g = −1 one finds that the nontrivial representatives have k = 1 (but not k = 2 or k = 3 because there are no Lorentz-invariant homogeneous polynomials of degree 1 or 2 in the constant ghosts). [56, 57] . Furthermore a current is trivial iff the corresponding global symmetry is trivial [5] .
transformations. Accordingly their currents are conserved, nontrivial, and both N=1 supersymmetric and Poincaré invariant up to trivial currents, respectively. Nevertheless they do not give rise to representatives of H −1,4 , F) is represented just by a number (the latter result follows from lemma 6.9, a number being a solution f (1) ).
OTHER FORMULATIONS OF SUPERSYMMETRY
In this section it is shown that our cohomological results do not depend on the chosen formulation of supersymmetry. Alternative well-known formulations with auxiliary fields or linearly realized supersymmetry (in particular, the standard superspace formulation) lead to exactly the same results. The reason is that the additional fields and antifields which occur in these formulations give only rise to trivial pairs and thus do not contribute nontrivially to the cohomology, cf. section 6 b.
a. Formulation with auxiliary fields
Let us first discuss the formulation with the standard auxiliary fields so that the commutator algebra of the Poincaré, supersymmetry and gauge transformations closes off-shell. These auxiliary fields are real fields D i for the super-YangMills multiplets and complex fields F s for the chiral multiplets. The formulation with these fields differs from the one used here through the following changes as compared to section 2: 
Lagrangian:
3. Extended BRST transformations of the fields: the only changes are in the transformations of λ α , χ α and their complex conjugates, and the addition of the extended BRST-transformations of the auxiliary fields:
4. The extended BRST-transformations of the antifields are according to (2.23) obtained from an extended Lagrangian which is now given by
The passage from the formulation with auxiliary fields to the formulation without auxiliary fields is done by elimination of the auxiliary fields using the solution of their "extended equations of motion" derived from L ext and setting the antifields D * i , F * s ,F * s to zero. This amounts to the following identifications: 
b. Formulation with linearly realized supersymmetry
The standard formulation with linearly realized supersymmetry (often formulated in superspace) uses complete real vector multiplets in place of only the gauge potentials and the gauginos, and a higher gauge symmetry which gives rise to additional ghost fields. The linearized additional gauge transformations shift the additional fields of the vector multiplets by additional gauge parameters. As a consequence, the extended BRST transformations act on these fields as nonlinearly extended shift transformations involving the additional ghost fields. The extended BRST transformations of the antifields of the additional ghost fields are nonlinearly extended shift transformations involving the antifields of the additional fields of the vector multiplets. Hence, all additional fields, antifields and their derivatives give only rise to trivial pairs. Elimination of these trivial pairs reproduces the familiar Wess-Zumino gauged models described in section 9 a. If one also removes the auxiliary fields as outlined there, one ends up precisely with the formulation as in section 2. Let us show this explicitly for the Abelian case with one vector multiplet and one chiral matter multiplet (linear multiplets need not be considered here because supersymmetry is already linearly realized on them). We denote the fields of the vector multiplet by V , ζ α , Z, A µ , λ α and D and those of the chiral multiplet by ϕ , χ α and F , where V , A µ and D are real fields, while the other fields are complex. The ghost fields are denoted by Λ, Γ α and Σ and are all complex (they form a chiral supersymmetry multiplet). The extended BRST transformations of these fields are 
The antifields of the additional fields give also only rise to trivial pairs, as one has
The non-Abelian case is analogous except that the extended BRST transformations of the fields receive further nonlinear contributions, and, as a consequence, the relation of primed and unprimed fields becomes more complicated (in particular A µ , λ and D do not coincide anymore with their primed counterparts).
OTHER LAGRANGIANS
Even though our analysis was performed for Lagrangians (2.2), it is not restricted to these. In particular it applies analogously to more general Lagrangians which are of the form (7.6) in the formulation with auxiliary fields (with D α andDα realized off-shell on ordinary tensor fields, cf. comment c) in section 6 e), such as
where .2) after elimination of the auxiliary fields, up to a total divergence. Let us briefly indicate how one can apply our analysis and results to such models or even more general Lagrangians (7.6) containing terms with more than two derivatives such as (7.22) , assuming that supersymmetry is not spontaneously broken (see comment below) and that the field equations satisfy the standard regularity conditions (see [7] ):
(i) The extended BRST transformations of the fields and constant ghosts are as in section 9 a when one uses the formulation with auxiliary fields (recall that the deformations (7.6) do not change the gauge or supersymmetry transformations when one uses the formulation with the auxiliary fields, cf. comment f) in section 7).
(ii) The extended BRST transformations of the antifields contain the Euler-Lagrange derivatives of the Lagrangian with respect to the corresponding fields and are thus more involved than in the simple models (2.2). As a consequence the explicit form of the w-variables (see section 4) changes. A subset of these variables even may fail to be local in the strict sense of section 3 (because the algorithm [11] may not terminate anymore). This failure of locality does not happen for Lagrangians (10.1) 19 but it will generically happen for more general Lagrangians. In order to apply our analysis in the latter case one must relax the definition of local functions and forms accordingly. In particular this is necessary and natural when dealing with effective Lagrangians containing terms such as (7.22) multiplied by free parameters (coupling constants). One may then use the definition that local functions and forms are formal power series in the free parameters, with each term of the series local in the strict sense, cf. the remarks on effective theories in [7] .
(iii) The descent equations and lemma 3.1 hold also in the generalized models.
(iv) The gauge covariant algebra (5.9) does not change because it reflects the extended BRST transformations of the ghosts which do not change. (vi) Subsections 6 b, 6 c and 6 d evidently apply also to the generalized models.
(vii) H(s susy , T inv ) is still given by lemma 6.6, except for the possible modifications ofH a andF i f mentioned above. Indeed, the results for g ≤ 2 derive as before from the results in section 6 a and from Eq. (B.29) which holds also in the generalized models (the proof of that equation applies also to the generalized models). The results for g ≥ 3 are solely based on the algebra (5.9) and the structure of the supersymmetry multiplets which do not change.
(viii) Lemmas 6.7 and 6.8 apply without modifications also to the generalized models.
(ix) The possible changes of lemma 6.9 are induced by the modifications ofH a andF i f mentioned above and concern the representatives f (2) , f (3) , f (4) and f (5) . f (2) and f (5) have counterparts also in the generalized models but their explicit form changes whenH a receives additional terms (the additional terms cause changes of the Xfunctions occurring in f (2) and f (5) ; the existence of these representatives is still guaranteed by the vanishing of H g (s susy , T inv ) for g > 4). The existence and precise form of representatives f (3) and f (4) depends on the modifications ofH a andF i f and varies from case to case. However, the modifications of f (3) do not concern consistent deformations, counterterms or anomalies because there are no representatives f (3) with ghost numbers 4 or 5. The representatives f (4) are mainly of interest for the deformation of free theories with Lagrangians of the form (2.2).
Comment: In models with spontaneously broken supersymmetry the goldstino fields and their extended BRST transformations form trivial pairs (the extended BRST transformations of the goldstino fields substitute for the constant supersymmetry ghosts in the new jet coordinates {u , v , w I }). As a consequence the structure of the extended BRST cohomology is essentially the same as its non-supersymmetric counterpart, provided one relaxes the definition of local functions and forms suitably, if necessary (see remarks above). The representatives of the cohomology are supersymmetrizations of their counterparts in the non-supersymmetric cohomology, similarly to the supersymmetrized actions constructed in [58] [59] [60] .
CONCLUSION
The major advances of our analysis as compared to previous work are: (i) we have computed the cohomology in the space of all local forms rather than only in the restricted space of forms with bounded power-counting dimension; (ii) we have included linear multiplets in addition to super Yang-Mills multiplets and chiral multiplets. Furthermore we have computed the cohomology for all ghost numbers even though the results for H g,4 (s ext |d), g > 1 are currently only of mathematical interest as no physical interpretation of these cohomological groups is known to date. Let us briefly summarize the results for the cohomological groups H 0,4 (s ext |d) and H 1,4 (s ext |d) which are most important for algebraic renormalization, candidate anomalies and supersymmetric consistent deformations of the models under study.
The results are particularly simple when the Yang-Mills gauge group is semisimple and no linear multiplets are present: then all representatives of H 0,4 (s ext |d) can be written in the form (7.6) (times the volume element, and up to antifield dependent terms in the formulation without auxiliary fields), and the representatives of H 1,4 (s ext |d) are exhausted by (7.8) (up to cohomologically trivial terms, respectively). Hence, for semisimple gauge group and in absence of linear multiplets, (i) all Poincaré invariant and N=1 supersymmetric consistent deformations of the action which preserve the N=1 supersymmetry algebra on-shell modulo gauge transformations can be constructed from standard superspace integrals and preserve the form of the gauge transformations and N=1 supersymmetry transformations when one uses the auxiliary fields (accordingly in the formulation without auxiliary fields only the supersymmetry transformations of the fermion fields get deformed as one sees by elimination of the auxiliary fields); (ii) all counterterms that are gauge invariant, Poincaré invariant and N=1 supersymmetric at least on-shell can be written even as off-shell invariants by means of the auxiliary fields and are constructible from standard superspace integrals; (iii) the consistent Poincaré invariant candidate gauge and supersymmetry anomalies are exhausted by supersymmetric generalizations of the well-known non-Abelian chiral anomalies and these can be written in the universal form (7.8) whether or not one uses the auxiliary fields. These results are not restricted to Lagrangians (2.2) but apply also to a general class of Lagrangians and in particular to effective super-Yang-Mills theories with semisimple gauge group, see section 10.
When the Yang-Mills gauge group contains Abelian factors or when linear multiplets are present, there are a number of additional cohomology classes of H 0,4 (s ext |d) and H 1,4 (s ext |d) whose representatives cannot be written as in (7.6) or (7.8). We have computed them explicitly for the simple Lagrangians (2.2) because they are particularly relevant to the general classification of supersymmetric consistent interactions which naturally starts off from free models with Lagrangians (2.2). The antifield independent parts of the additional representatives are given in equations (7.1)-(7.5) and (7.9)-(7.15). From among these only the candidate anomalies (7.15) and a few special solutions are off-shell invariants or can be written as off-shell invariants by means of the auxiliary fields. The special off-shell solutions are particular representatives (7.5) given by the Fayet-Iliopoulos terms (7.18) and the Chern-Simons type representatives (7.19) , analogous representatives (7.13) with ghost number 1 given in (7.23) and (7.24) , and particular representatives (7.14) given in (7.27) and (7.29) . All other functions (7.1)-(7.5) and forms (7.9)-(7.14) are accompanied by antifield dependent terms and may look somewhat different when one uses a more general Lagrangian (some of them might even disappear), cf. section 10. The interaction terms contained in (7.1)-(7.5) include, among other things, YangMills, Freedman-Townsend and Chapline-Manton vertices, and Noether couplings of gauge fields to gauge invariant conserved currents that are supersymmetric up to trivial currents.
Finally we remark that the results derived in this paper are characteristic of theories with a particular supersymmetry multiplet structure on tensor fields which we have termed "QDS structure" (see [61] and proof of lemma 6.6). Indeed, when one reviews the derivation of the results one observes that, essentially, they can be put down to three central ingredients: the characteristic cohomology of the field equations in form-degrees smaller than 3 (see section 6 a), standard Lie algebra cohomology (see section 6 d), and what we have termed supersymmetry algebra cohomology (see section 6 e). While the characteristic cohomology and Lie algebra cohomology are not affected by the supersymmetry multiplet structure, this structure is decisive for the supersymmetry algebra cohomology. The QDS structure underlies the results for ghost numbers larger than 2 in lemma 6.6 and these results hold analogously for all models with QDS structure as can be inferred from the proof of the lemma.
APPENDIX A: CONVENTIONS AND USEFUL FORMULAE
Minkowski metric, ε-tensors:
σ-matrices:
Raising, lowering, contraction of spinor indices:
Lorentz vector indices in spinor notation:
Grassmann parity:
Complex conjugation: 
Frequently used functions and operators:
APPENDIX B: PROOFS OF THE LEMMAS
Proof of lemma 3.1: First we show that (3.1) implies descent equations of the standard form:
for some local forms ω g+4−p,p and some form-degree m which is not a priori known but turns out to be necessarily 0 whenever ω g,4 is nontrivial (see below). The descent equations follow from the so-called algebraic Poincaré lemma (cf. section 4.5 of [7] g+4,0 = M for some M ∈ E. Nevertheless, one can assume M = 0 without loss of generality, for the following reason: an s ext -exact function which depends only on the constant ghosts is necessarily the s ext -transformation of a function which also depends only on the constant ghosts because the s ext -transformations of the fields and antifields do not contain parts depending only on the constant ghosts; hence, 
These identities can be used to construct a basis for the derivatives of a field or antifield: every kth order derivative can be expressed as a linear combination of the components of polynomials of degree k in the operations ∂ Analogous arguments apply to the other fields and antifields, see [12] for further details.
Proof of lemma 4.2:
We only need to prove that the algorithm in section 2 of [11] produces w's that are local functions (eq. (4.1) holds by the algorithm). This can be done along the lines of section 3 of [11] using the following dimension assignments: is a finite sum of such monomials and thus a local function.
Proof of lemma 5.2: s 2 ext = 0 and (5.6) imply
where |M | is the Grassmann parity of ∆ M and [ , } is the graded commutator:
The transformations of the C's have the form
for functions F NM P (T ) which can be read off from (5.1), (3.4), (2.19), (2.20) and (2.21). Since (B.5) holds for all functions f (T ) and since the C M are independent variables, we conclude
This yields (5.9) when spelled out explicitly.
Proof of lemma 6.1: The lemma is proved exactly as the corresponding results in [5] (see also [15] ). We shall therefore only sketch the basic ideas and refer to [5] for details.
The results for k > 3 follow from the general theorems 8.3, or 10.1 and 10.2 in [5] because the models under study have Cauchy order 3 and reducibility order 1 in the terminology used there (the proofs of these theorems given in [5] apply also in presence of the constant ghosts because the latter are inert to both δ and d). To prove the results for k = 3 and k = 2 we first consider the linearized theory and derive H 
and reads in dual notation
where we used ω 
We discuss first the case k = 3.∂f 3 /∂R * a has antifield number 0, i.e., it does not depend on antifields. (B.9) is thus trivially satisfied and imposes no condition in the case k = 3.∂f 3 /∂Q * µ a has antifield number 1 and thus δ [7] , and the proofs of these theorems). Using the result for H 19) for some local functions g a µν,2 with antifield number 2. Using (B.19) in (B.12), the latter gives (again owing to the acyclicity of δ (0) in positive antifield numbers): 
for some local functions g 3 and g µ 2 with antifield numbers 3 and 2, respectively. Hence, H 
To prove (6.4) we take the Euler-Lagrange derivative of R *
The presence of δ implies that the right hand side contains only terms that are at least linear in fields or antifields, unless it vanishes. Hence both sides of (B.22) must vanish which gives k a (c, ξ,ξ) = 0. (6.5) can be proved in an analogous manner. The Euler-Lagrange derivatives of
and Q * µ a read, respectively: 
). In the case g = −2, k = 3 we conclude from lemma 6.1 that ω 
is again a function of the constant ghosts. γ ext k a (c, ξ,ξ) = 0 implies k a (c, ξ,ξ) = 0 since no linear combination of the constant ghosts is γ ext -closed as can be easily verified directly [or deduced from the Lie algebra cohomology of the Lorentz group, as γ ext contains the Lorentz transformations; see also section 6 d]. This completes the proof of (6.6).
To prove (6.7) we use that
for some f and f µ ) and take the Euler-Lagrange derivative of the latter equation with respect to R * a . This gives
Proof of lemma 6.6: The proof is based on methods and results developed in [61] and [12] . Therefore we shall only sketch the main line of reasoning and refer for details to the respective sections and equations in these works.
( 
(B.29)
This can be proved as an analogous result in appendix D of [12] . The basic ideas are as follows. One can assume β ∈ W, see lemma 6.4. The result (B.29) for g = 0 simply reflects that W contains no function with negative ghost number, i.e., there is no β with ghost number −1. The result (B.29) for g = 1 holds because functions in W with ghost number 0 can only depend on theT 's which implies β = β(T ) ∈ T inv . The result (B.29) for g = 2 is obtained by differentiation of f = s ext β with respect toĈ i or c µν which yields s ext (∂β/∂Ĉ i ) = 0 and s ext (∂β/∂c µν ) = 0, without loss of generality (see [12] ). Using now lemma 6.3 and that ∂β/∂Ĉ i and ∂β/∂c µν have ghost number 0 in the case g = 2, one concludes that these expressions are complex numbers, and thus
The results (6.30) for g ≥ 3 are derived using a decomposition of the cocycle condition s susy f = 0 with respect to the degree in the translation ghostsĉ µ ("ĉ-degree"). s susy decomposes into pieces δ − , δ 0 , δ + withĉ-degrees −1, 0, 1, respectively, where δ 0 consists of two differentials b andb that involve ξ andξ, respectively:
Here D α ,Dα and∇ µ act nontrivially only on theT 's. To prove the results (6.30) for g ≥ 3 one only needs the cohomology of δ − , and the cohomologies of b andb in certain spaces specified below. The cohomology of δ − was given in eq. (6.5) of [61] (see also [64] ); it reads:
where nonvanishing P (θ, ξ), Q(ϑ,ξ) and ΘM are nontrivial in H(δ − ). This result holds in the space of all polynomials in theĉ µ , ξ α ,ξα, irrespectively of whether or not they are Lorentz-invariant. Of course, it holds analogously in the space of polynomials that can also depend on theT 's because the latter are inert to δ − (in that space (B.31) thus holds with f , P , Q, M , g depending also on theT 's). The cohomology ofb is needed in the space of local functions of theξα andT τ which are invariant under sl(2, C)-transformations of the dotted spinor indices 22 . This cohomology is given byb ) and is given by:
22b is indeed a differential because ofb 2 = (1/2)ξαξβ{Dα,Dβ} = 0 which follows from (5.9).
This follows from eq. (6.8) of [61] because theDα-representation on theT τ has QDS structure in the terminology used there: indeed, theDα-representation decomposes into the singlets ϕ s andλ i and infinitely many (D)-doublets given (the arguments used in [61] go through in T inv because all relevant operations used there commute with the δ i ) and for g = 3 as the corresponding result in appendix E of [12] .
(ii) The nontriviality and inequivalence of the cocycles 1,H a ,F i f andH aH b , a < b, in H(s susy , T inv ) follows already from (6.10), (6.11) and (6.12). The nontriviality and inequivalence of the F iA in H(s susy , T inv ) can be shown as the corresponding result in appendix E of [12] . That F iA is not equivalent toF i f orH aH b can be deduced from its s ext -exactness,
= 0 by (6.12) . This proves the assertion on the cocycles
and F iA in part (ii). Next we shall prove the assertion on OR(T ). Assume that OR(T ) = s susy ω for some ω ∈ T inv . Notice that ω is defined only up to the addition of s susy -cocycles in T inv . In particular we are free to add terms s susy f with f ∈ T inv to ω (owing to s implies thusξαξβωαβ(T ) =bη for some η =ξαηα(T ) ∈ T inv . Without loss of generality one can thus set ωαβ(T ) to zero because the latter can be removed by subtracting s susy η from ω. Analogously one concludes that one can also set ω αβ (T ) to zero. One is then left with ω 0 = ξ αξα ω αα (T ) which can also be set to zero because it can be removed from ω by adding s susy a with a = (i/4)ĉ αα ω αα (T ). Hence, one can assume ω = ω 1 + ω 2 with δ − ω 1 = 0. Using (B. 31) and that ω has ghost number 2, one concludes ω 1 = 8ϑΩ 1 + 8θΩ 2 for some functions Ω 
respectively. As in the investigation of the case G = 3 in [12] one concludes from these equations that, up to trivial terms, one has ω 0 = 0, ω 1 = 32ΘX(T ), ω 2 = 8iĉα α (θαD α + ϑ αDα )X for some X = X(T ) ∈ T inv . Using this in the equation withĉ-degree 2 contained in PΩ 1 +PΩ 2 = s susy ω, one obtains 4iϑϑ
Furthermore, using the algebra (5.9), one verifies that s ext (ω 1 + ω 2 + ω 3 ) = (PD 2 −PD 2 )X and concludes that PΩ 1 +PΩ 2 = s susy ω is indeed equivalent to Ω 1 =D 2 X,Ω 2 = −D 2 X (I note that one has ω 1 + ω 2 + ω 3 = 8OX).
Proof of lemma 6.7: (i) s ext f 4 = 0 implies δ − f 4 = 0 because δ − is the only part of s ext that lowers theĉ-degree. (B.31) implies that the cohomology of δ − is trivial forĉ-degrees larger than 2 because ϑ α andθα are anticommuting quantities. We conclude that f 4 is δ − -exact, i.e., f 4 = δ − η 5 . This implies f 4 = 0 because η 5 hasĉ-degree 5 and thus vanishes.
( Since the ϑ α andθα are four anticommuting quantities, (B.36) is proportional to the product of all these four quantities and thus to ϑϑθθ. The latter object hasĉ-degree 4, is bilinear both in the ξ's and theξ's, and Lorentz-invariant; hence it is proportional to Ξξξξξ which vanishes owing to ξξ =ξξ = 0 (as the supersymmetry ghosts commute). We conclude that (B.36) vanishes and thus 
Evaluation of the right hand side gives, using (B.35) and the facts that ϑ α andθα anticommute and haveĉ-degree 1: Proof of lemma 6.9: Let us first describe the general strategy of the proof. The derivation of the lemma starts off from our result that the part f m of an s ext -cocycle takes the form f Γ P Γ (θ,R) where f Γ are representatives of H(s susy , T inv ) given by lemma 6.6. The seven types of representatives given in the lemma correspond to different representatives f Γ of H(s susy , T inv ). The proof of the lemma comprises two aspects: (i) determination of those functions f Γ P Γ (θ,R) which can be completed to inequivalent s ext -cocycles; (ii) explicit computation of these s ext -cocycles. These two aspects can be treated largely independently, i.e., basically one can carry out (i) without sophisticated computation. The computations (ii) concern above all the explicit determination of the X-functions given in the lemma and are partly quite involved. We shall only sketch the computation of the functions X a r . The other X's can be analogously derived.
(i) is carried out using results derived above, in particular lemma 6.6 (which implies already the existence of X-functions with the desired properties as we shall show in the course of the proof), and results on the standard (nonextended) BRST cohomology. The latter can be employed here because s ext includes the standard (non-extended) BRST 23 with an arbitrary dependence on the Lorentz-θ's 24 (for the argument applies equally to an extended BRST-differential which involves the Poincaré transformations in addition to s and arises from s ext by setting only the constant supersymmetry ghosts to zero).
We shall now spell out the arguments more specifically, and separately for the various types of representatives:
(1) The representatives f (1) arise from functions k Γ P Γ (θ,R) with complex numbers k Γ , i.e., they involve the constant representatives of H(s susy , T inv ) (g = 0 in Eq. (6.30)). Functions P (θ,R) give rise to solutions of complete nonsupersymmetric descent equations in four dimensions only if they do not depend on the AbelianĈ's, nor on the Yang-Mills-θ's with m(r) = 2, nor on theR's. The reason is that Abelian ghosts, R's or Yang-Mills-θ's with m(r) = 2 lead to obstructions to the "lift"
25 of 0-forms P (θ C , θ L , R) to solutions of complete descent equations where the θ C 's are the Yang-Mills-θ's with C's in place ofĈ's (i.e., (θ C ) r ∝ tr r C 2m(r)−1 ): if P depends on Abelian ghosts, the obstruction is encountered at form-degree 2 and given by 
i . Hence, in order that P can be lifted to a complete solution of the non-supersymmetric descent equations, it must only depend on the θ's with m(r) > 2 or the Lorentz-θ's. Since the former can be completed to s ext -invariantq's, see lemma 6.8, and the latter are already s ext -invariant, one arrives at the representatives f (1) .
(2,3) The representatives f (2) and f (3) arise from functions k Γ aH a P Γ (θ,R) with complex numbers k Γ a , i.e., they involve the representativesH a of H(s susy , T inv ). These functions give rise to Poincaré invariant solutions of the complete non-supersymmetric descent equations in four dimensions only if they do not depend on the AbelianĈ's and at most linearly on theR's through termsH a P
[ab] (θ). This can be shown by arguments analogous to those used in section 13 of [7] where the standard BRST cohomology for free Abelian gauge fields was investigated. The latter leads, among other things, to the BRST-invariant forms F I P I (C) where
are Abelian field strength 2-forms, F I their Hodge duals and P I (C) polynomials in the Abelian ghosts. The requirement that such forms can be lifted to Poincaré invariant solutions of complete descent equations leads to 23 24 Since the Lorentz-θ's are sext-closed and d-closed, they can appear arbitrarily in the solutions of the descent equations. 25 See section 9.3 of [7] for the terminology and a general discussion of "lifts" in the context of descent equations.
the equation ∂ (I P J) (C) = 0 whose general solution is P I (C) = ∂ I P (C) where ∂ I = ∂/∂C I , see Eqs. (13.18) and (13.19) of [7] . The standard BRST cohomology for the theories under study contains, among other things, the BRST invariant forms H a P a (R, θ C , θ L ). The requirement that such forms can be lifted to Poincaré invariant solutions of complete descent equations in four dimensions leads analogously to
a and ∂ iA = ∂/∂C iA (otherwise the lift would be obstructed at formdegree 3 by
. Now, in contrast to the C I , the R a are commuting variables and thus the general solution to the first condition, which has the structure of Killing vector equations in a flat space with coordinates
[ab] (θ C , θ L ) while the second condition imposes in addition that P (2) a and P (3) [ab] do not depend on the Abelian ghosts. Let us now separately show how this leads to the representatives f (2) and f (3) .
a (θ). Completing the Yang-Mills-θ's to theq's yieldsH a P (2) a (q, θ L ) (as P (2) a (θ) does not depend on the AbelianĈ's). Since theH's,q's with m(r) > 2 and Lorentz-θ's are s ext -invariant, one has 
Since both X a r and tr r (F 2 ) contain only terms withĉ-degrees ≥ 2, the last term in (B.44) hasĉ-degree 4. Combining (B.42) and (B.44) and using part (i) of lemma 6.7, one concludes that this term vanishes and that f (2) is s ext -closed:
[ab] (θ). Again, we complete the Yang-Mills-θ's in P
[ab] to theq's and compute the s ext -variation of the resultant function:
[ab] (q, θ L 
[ab] (θ,R) where P
[ab] (θ,R) does not depend on AbelianĈ's. The antisymmetry of P (5) [ab] in a and b is due to the fact that theH's anticommute since they are Grassmann odd. Substituting thê q's for the corresponding θ's and computing the s ext -variation of the resultant function gives s ext H aH b P (5) [ab] (q, θ L ,R) (6) and f (7) , as will be now shown. To show that f (8) is equivalent to a linear combination of representatives f (6) and f (7) , as we have asserted above, we shall use the following relation: tr r (F 2 ) = − (8) is indeed equivalent to a linear combination of representatives f (6) and f (7) arising from the particular choices R Γ (T ) = 
